Abstract. The 13 C/ 12 C ratio in pedogenic carbonate (i.e., CaCO 3 formed in soil) is a significant tool for investigating C 4 biomes of the past. However, the paleoecological meaning of d
INTRODUCTION
Since the mid-1980s, when the link between the C 4 , C 3 , or CAM (crassulacean acid metabolism) photosynthesis and 13 C/ 12 C ratios in pedogenic carbonate was established (Cerling 1984) , there has been a widespread use of this method to investigate paleoecology and paleoclimate across the globe and from the Paleozoic to Historic time (e.g., Amundson et al. 1988 , Quade et al. 1989a , Cerling et al. 1991a , Kelly et al. 1991 , Mack et al. 1991 , Pustovoytov 2002 , Nordt 2003 , Stevenson et al. 2005 . Pedogenic carbonate forms mainly in arid, semiarid, or subhumid climates (Eswaran et al. 2000) . This climatic range overlaps much, but not all, of the range of C 4 plants, which also occur in humid tropical areas having rainfall amounts that exceed 1000 mm per year (Sage et al. 1999) .
Plants using C 3 photosynthesis have d 13 C values ranging from about À20 to À35ø (where d 13 C (ø) ¼ [( 13 C/ 12 C) sample /( 13 C/ 12 C) standard -1] 3 10 3 with respect to the PDB standard; Craig 1957) as compared to plants using C 4 photosynthesis that have d
13 C values ranging from about À10ø to À14ø (Cerling 1999) . Pedogenic carbonate formed in a pure C 3 ecosystem has d
13 C values of around À9ø to À12ø in contrast to pedogenic carbonate formed under pure C 4 vegetation which has d
13 C values of around 1ø to 3ø (Cerling 1999) . Plants using CAM photosynthesis have d
13 C values intermediate between C 3 and C 4 plants (Ehleringer 1988) . Both the geographical extent and productivity of CAM plants on a global basis are small. In contrast, C 4 plants, despite their comparatively small number of species (,5% of vascular plant species), have major ecological importance because they are common in biomes that 4 E-mail: cmonger@nmsu.edu cover ;40% of Earth's land surface, most significantly of which are the C 4 -dominated grasslands and savannas in warm temperate and tropical zones (Sage et al. 1999) . C 4 plants are estimated to account for one quarter of global terrestrial productivity (Still et al. 2003) . We measured d 13 C of pedogenic carbonate in modern soils and Quaternary paleosols as a means to investigate vegetation change in the Chihuahuan Desert of North America (Cole and Monger 1994 , Monger et al. 1998 , Buck and Monger 1999 , Monger 2003 (Fig. 1) . A key outcome from these and subsequent investigations has been the realization that the scale (both temporal and spatial) at which we considered soils, landforms, microclimate, vegetation, and d 13 C data influenced our interpretations.
That scale is important for understanding physical and biological systems is well established, especially with respect to scaling up or scaling down results (Levin 1992 , Ehleringer and Field 1993 , Schneider 1994 , Gouyet 1996 , O'Neill and King 1998 , Schoonmaker 1998 , Turner et al. 2001 . However, identifying the right scale at which to describe a system is the problem (Levin 1992) . First, spatial and temporal scales are continua. Second, patterns, processes, and phenomena can change at different scales. Third, hierarchy, or levels of organization, introduces complexity since components at one scale are structurally and functionally interconnected and interacting with components at a higher or lower scale (Rowe 1961) . Therefore, a multi-scale analysis is often necessary to bring into focus the scales at which patterns, processes, and phenomena are most discernible (Peters et al. 2004 ).
In our Chihuahuan Desert studies, multi-scale analysis revealed four scales that have important influences on our understanding of bioclimatic change as recorded by d 13 C of pedogenic carbonate: (1) the biome scale, which encompasses the climatically-controlled global vegetation zones; (2) the landscape scale, which takes into account the effects of local soil-geomorphic patterns; (3) the soil-profile scale, which includes the upper couple of meters of soil and its associated above-and belowground biota; and (4) the rhizosphere scale, which consists of the volume of soil immediately surrounding roots and microorganisms (Fig. 2) . The objective of this paper is to describe how these four scales are important for understanding the paleo-vegetative meaning of d 13 C in pedogenic carbonate.
METHODS

Study area
The Chihuahuan Desert is North America's largest and southernmost desert. Its dryness, like that of many deserts, is the result of its position in a zone of dry, highpressure cells near 308 N latitude. In addition, it is bound by mountain ranges that scavenge moisture from weather fronts. Physiographically, the Chihuahuan Desert resides in the Basin and Range Province, which consists of north-south trending mountain ranges and broad intervening basins produced by rift tectonics active since the middle Tertiary (Seager 1975) . The boundary of the Chihuahuan Desert is climatically defined and based on an aridity index of 10 or less (Schmidt 1979) , which agrees well with the floristic boundary of the ''Chihuahuan desertscrub'' unit of Brown (1994) . From the standpoint of terrestrial isotope studies, this region is well suited for d 13 C investigations because (1) pedogenic carbonate is ubiquitous, (2) paleosols are common because the high-relief terrain is conducive to the burial of soils by alluvium, and (3) both C 3 and C 4 plants are present.
The paleoclimate of the Chihuahuan Desert, like the American Southwest in general, is characterized by swings between pluvial conditions during glacial periods and aridity during interglacial periods (Hawley 2005) . The last pluvial maximum coincided with the last glacial maximum, at ca. 20 000 years ago (Bull 1991) , when many basins were filled with perennial lakes (Allen and Anderson 1993, Wilkins and Currey 1997, Allen 2005) . Temperatures in this region during the last glacial maximum were probably 58 to 78C cooler than present (Phillips et al. 1986) , and packrat middens record pin˜on-juniper-oak vegetation along rock escarpments that now are desert grasslands or shrublands (Van Devender 1990) . In contrast, aridity during the middle Holocene, at about 7000 to 5000 years ago, was at its maximum during a relatively hot, dry ''Altithermal'' period (Antevs 1955) as indicated by deflation and dune formation at desiccated lake sites (Hawley 1993) , high amounts of Cheno-Am pollen in sediments and paleosols (Hall 1985) , and widespread arroyo cutting (Waters and Haynes 2001) . Although the pluvial of the last glacial maximum and the peak aridity of the Altithermal form the end members of climatic oscillations in the late Quaternary, smaller climatic swings before and after these events have also occurred, such as the pluvial around 9000 years ago (Waters 1989 ) and the most recent pluvial during the Little Ice Age a few hundred years ago (Castiglia and Fawcett 2006) .
Sampling and laboratory techniques
Pedogenic carbonate samples were acquired from fresh excavations of soil profiles made with backhoes. When natural exposures were used, the profiles were scraped several centimeters back into the wall material with a spade in order to obtain uncontaminated pedogenic carbonate. The nature of the sampled carbonate ranged from thread-like filaments in Holocene soils to cemented ''petrocalcic'' horizons in Pleistocene soils (Soil Survey Staff 1999) .
For routine d 13 C measurements, carbonate was dissolved with 100% phosphoric acid under vacuum, the CO 2 was cryogenically isolated (McCrea 1950) , and d
13 C values were determined using a Finnigan MAT 252 isotope ratio mass spectrometer (IRMS) (Thermo Fisher Scientific, Waltham, Massachusetts, USA). For comparing root carbon with root CaCO 3 -carbon, the carbonate on the encrusted roots was dissolved with 100% phosphoric acid and d
13 C values determined as described above. Subsequently, the same fine roots were rinsed with deionized water, dried, and combusted in the presence of copper oxide, and the cryogenically purified CO 2 was analyzed by IRMS (Boutton 1991 , Gallegos 1999 ). The acid treatment had no effect on the isotopic signal of the roots based on comparison to mesquite roots collected in the same study area and measured in another laboratory (Connin et al. 1997b) .
BIOME SCALE
Biomes range in length from as small as 200 km 2 , as in the case of narrow biomes on isolated mountain ranges (Ku¨chler 1949) , to as large as 5 900 000 km 2 or more, as in the case of the boreal forests of Canada and Alaska (Blancher and Wells 2005) . The time scale during which biomes form and impart a d 13 C signal to pedogenic carbonate can range from less than a century, when shrublands replace grasslands (Buffington and Herbel 1965 , Schlesinger et al. 1990 , Connin et al. 1997a , to more than 100 000 years, when glacial-interglacial cycles force biomes to migrate from one region to another (Delcourt et al. 1983) . Capturing a high-quality record of biome migration by pedogenic carbonate depends on three interacting variables: rate of migration of vegetative communities (which is lateral), rate of burial or aggradation at a selected location (which is vertical), and the rate of pedogenic carbonate formation in soils at that location (which is in situ) (Fig. 3) .
At the biome scale, the carbon-isotope issue involves determining which of three C 3 /C 4 boundaries has been recorded by d 13 C in pedogenic carbonate. Boundary 1, which is most commonly reported in the literature, is between C 4 grasslands and C 3 forests. Prominent examples of this boundary-primarily the result of increasing rainfall (Whittaker 1975 )-occur where tropical grasslands contact tropical forests in Africa, Australia, or South America (Bird and Pousai 1997, Wynn 2000) and where prairies contact temperate woodlands and forests in North America (Boutton et al. 1999, Bekele and Hudnall 2003; see Fig. 2b ). Boundary 2 is between C 4 grasslands and C 3 grasslands. An example of this boundary-the result of decreasing temperatures (Teeri and Stowe 1976 )-occurs in the High Plains of North America where C 4 grasses in the south merge with and become progressively replaced by C 3 grasses northward (Follett et al. 1997 , Tieszen et al. 1997 , Nordt et al. 2007 see Fig. 2b ). Boundary 3 is between C 4 grasslands and C 3 desert shrublands. Prominent examples of this boundary-the result of decreasing rainfall (Dick-Peddie 1991)-occur in northern Africa between the Sahara Desert and the Sahel (Still et al. 2003) , in South America between the Monte Desert and the pampas region (Mares et al. 1985) , and in North America between the Chihuahuan Desert at lower elevations and the surrounding grasslands at higher elevations (Brown 1994) .
Boundary thickness between C 3 and C 4 vegetation may range from diffuse to abrupt depending on the climatic setting. Diffuse boundaries are large transitional zones of mixed C 3 and C 4 vegetation, as in the grasslands of North America, South America (Pampas grasslands), and Asia, or as in the ecotones between grasslands and shrublands along boundaries between steppes and deserts. Diffuse boundaries between C 3 and C 4 vegetation are common in flat terrain with broad latitudinal and longitudinal climatic gradients. In contrast, abrupt boundaries are commonly in mountainous areas with steep elevational climatic gradients.
Of specific concern at the biome scale is whether an isotopic record indicating a shift from C 3 to C 4 plants results from increased aridity or increased rainfall. The common interpretation is that a shift from C 3 to C 4 results from increased aridity (Fig. 4: upper panels) . This interpretation is logical because C 4 plants have higher water-use efficiency (WUE) than C 3 ,which makes them superior competitors in habitats that are both hot and dry, as illustrated by the dominance of C 4 grasses in regions that are warm and semiarid (e.g., Raven et al. 1992 , Schulze et al. 1996 . Also, C 4 shrubs (e.g., Atriplex spp.) are common in salinized basins of dry regions where they must cope with osmotic stresses in addition to aridity (Sage et al. 1999) . However, the greater WUE of C 4 plants is an advantage only to a certain degree of aridity. As aridity increases, soil moisture not used by roots of C 4 plants due to their high WUE could instead be used by roots of their C 3 competitor (Long 1999) . In fact, the ability to tolerate sparse soil moisture per se is of secondary importance to C 4 plants after their requirements for (1) warm growing seasons and (2) moderate to high light intensity, as reflected by their dominance in some habitats that are warm and wet and H. CURTIS MONGER ET AL. 1500 Ecology, Vol. 90, No. 6 absence in certain locations that are hot and dry (Sage et al. 1999) . Thus, as aridity increases to an extreme, other strategies become more important than WUE, such as root distribution, leaf orientation, dry-season deciduousness, and widely spaced plants (Allen 1991 , Gibbens and Lenz 2001 , Whitford 2002 . This is reflected by the dominance of C 3 shrubs in many hot deserts, such as Larrea, Prosopis, and Flourensia in the Mojave, Sonoran, and Chihuahuan Deserts (Dick-Peddie 1993, Nellessen 2004), Larrea, Acacia, and Prosopis in the Monte Desert (Mares et al. 1985) ; Anabasis, Acacia, Anthyllis, and Artemisia in north Africa (Le Houerou 1986 , Monod 1986 ; and Acacia in the Australian deserts (Williams and Calaby 1985) . Therefore, a shift from C 3 to C 4 as well as a shift from C 4 to C 3 could both signify increased aridity. For example, a shift from C 4 to C 3 during the middle Holocene in New Mexico was interpreted as a change from C 4 grassland to C 3 shrubland resulting from increased aridity (Fig. 4 : lower panels), supporting previous paleoclimatic evidence derived from erosion rates and soil formation (Gile et al. 1981) , packrat middens (Van Devender 1990), paleolake desiccation (Hawley 1993) , and fossil pollen (Freeman 1972) . Thus, increased C 3 vegetation does not always imply increased rainfall or decreased temperature; it could also represent increased aridity (Fig. 3c) . Because the contact between C 3 shrublands and C 4 grasslands in hot deserts covers prominent areas of Africa, Asia, Australia, South America, and North America (Fig. 2b) , it is important to take this C 3 -C 4 boundary into account in addition to the more commonly considered C 4 -C 3 boundary at the contact of C 4 grasslands and C 3 forests.
LANDSCAPE SCALE
In contrast to the biome scale, which deals with broadscale plant communities controlled by regional temperature and precipitation, the landscape scale (Fig.  2a, c ) deals with local plant communities at spatial scales ranging from several tens of square meters, as in the case of catenas (Wang and Anderson 1998) , to hundreds of square kilometers, as in the case of bajadas and basin (Cerling 1984 , Cerling et al. 1991b , Buchmann et al. 1997 . (e) Rhizosphere-scale formation of carbonate in the mucilage zone surrounding root hairs and hyphae in desert soils (after Philips et al. [1987] , and Monger et al. [1991] (Peterson 1981) . At the landscape scale, factors affecting C 4 -C 3 boundaries include shallow depressions containing poorly drained soils (Wynn 2000) , floodplains containing soils with high water tables and riparian vegetation (Levin et al. 2004 ), weakly vs. strongly developed soils with varying amounts of calcium carbonate and clay , and soils with northern aspects that are cooler and moister than south-facing slopes (Dick-Peddie 1993).
The carbon-isotope issue at the landscape scale concerns making regional paleoclimatic interpretations based on local, heterogeneous landscapes (i.e., scaling H. CURTIS MONGER ET AL. 1502 Ecology, Vol. 90, No. 6 up a pattern). Based on land-survey notes and vegetation maps, the invasion of C 3 woody plants into C 4 grasslands in the Chihuahuan Desert has been greater on piedmont slopes (bajadas), which are sloping and lose water via runoff (Rango et al. 2006) , than a similar invasion in adjacent low-lying alluvial flats that receive run-on water (Buffington and Herbel 1965 , McCraw 1985 , Herbel et al. 1994 , Gibbens et al. 2005 , Monger and Bestlemeyer 2006 . Carbon isotopes support the observation that C 4 grasslands are more vulnerable to C 3 shrub invasion on bajadas than on alluvial flats. As illustrated in Fig. 5,  d 13 C analyses were compared for samples from two transects of backhoe trenches that descended a bajada into an alluvial flat. The trenches exposed modern soils forming in mid-Holocene alluvium that buries paleosols formed in late Pleistocene alluvium at depths from about 1 to 2 meters. These trenches made it possible to trace carbon isotopes both laterally (giving a comparison across the landform boundary) and vertically (giving a comparison through time).
Laterally, the modern soils have d 13 C values suggesting 32% C 4 on the bajada vs. 52% C 4 in the alluvial flat. The paleosols have 73% C 4 on the bajada vs. 66% C 4 in the alluvial flat (Fig. 5) . Vertically, the bajada experienced a significant loss of C 4 grasslands beginning in the mid-Holocene (73% vs. 32%), in contrast to the alluvial flat where there was a decline, but not a replacement of C 4 vegetation (66% vs. 52%). Thus, we interpret the carbon-isotope data, like the land-survey notes and maps, to be evidence that C 4 grasslands on bajadas are more easily invaded by C 3 shrubs than are C 4 grasslands FIG. 4 . Graphs interpreted as increased aridity. (Upper panels) The transition from C 3 forest to C 4 grassland with age during the Neogene in paleosols of Pakistan and east Africa. (Lower panels) The transition from C 4 grassland to C 3 shrubland with soil depth during the middle Holocene (across wavy horizontal lines) in both alluvial and eolian paleosols in the Chihuahuan Desert (Monger et al. 1998, Buck and Monger 1999) . Ages in lower panels are radiocarbon dates of pedogenic carbonate. Each date represents a mean age of many carbonate crystals at that depth.
June 2009 1503 SCALE AND ISOTOPIC RECORD OF C 4 PLANTS in alluvial flats. If one were to extrapolate conclusions about climate change in the American Southwest based on this isotopic record, the bajada would indicate a more profound degree of aridity beginning in the middle Holocene than an extrapolation based on the alluvialflat record (Fig. 5) .
SOIL-PROFILE SCALE
At the soil-profile scale there are two issues concerning carbon isotopes. One involves the 14-17ø fractionation between organic matter and carbonate, which will be discussed in combination with the rhizosphere scale in the next section. The other involves the length of time (Quade et al. 1995) . The data are means 6 SD; n ¼ number of samples; PDB is the Pee Dee River belemite standard. At the bottom right, the dark background is a picture of the soil. The wavy horizontal line in the picture and in the two graphs to the left corresponds to the depth of the buried land surface and marks the top of the paleosol. The light vertical bar is a measuring tape.
H. CURTIS MONGER ET AL. 1504 Ecology, Vol. 90, No. 6 during which a biome migration occurs vs. the length of time during which pedogenic carbonate accumulates. The time during which C 3 shrubs or woodlands invade C 4 grasslands in the Chihuahuan Desert has been on decadal (Gibbens et al. 2005) to millennial time scales (Van Devender 1990) . During this time, pedogenic carbonate progressively develops in soil, accumulating as calcite crystals 2-10 lm in size that have precipitated in pore spaces. Except for millimeter-thick layers of carbonate formed on top of petrocalcic horizons (Amundson et al. 1988) or concentric layers around pebble surfaces (Sharp et al. 2003) , pedogenic carbonate is not typically segregated chronologically within a soil profile. A carbonate nodule that took 9000 years to develop, for instance, may contain pedogenic carbonate crystals that formed under both C 3 shrubs and C 4 grasses. This condition of younger carbonate crystals precipitating among older crystals has been termed ''overprinting'' (Deutz et al. 2002) .
The greatest overprinting occurs where soils remain open to the atmosphere on stable land surfaces, i.e., geomorphic surfaces that are neither eroding nor being buried by younger sediments (Birkeland 1999) . Because the ages of a geomorphic surface and its soils are considered to be the same, since both would date from the time that sedimentation stopped and soil development started, progressively older geomorphic surfaces have soils with progressively more pedogenic carbonate, other factors being equivalent . Consequently, pedogenic carbonate in the oldest soils may have a wide range of ages. For example, geomorphic surfaces as old as two-million years in the Chihuahuan Desert, based on dated pumice and paleomagnetism (Mack et al. 1993 (Mack et al. , 1996 , contain both Holocene and Pleistocene carbonate as indicated by radiocarbon ( 14 C) dating (Fig. 6a) . Because biome migrations have occurred repeatedly during the time span of older soils, some carbonate would have formed under C 4 grasslands and some under C 3 vegetation, thus resulting in younger carbonate crystals (with their d 13 C values) being precipitated among older carbonate crystals (with their d
13 C values). Overprinting stops, however, when soils are episodically buried by alluvial, eolian, or other deposits (Fig.  6b) . When burial is adequate to move soils below the zone of modern pedogenesis, including carbonate formation, a buried soil becomes a ''fossil soil'' or paleosol (Catt 1986 ). Thus, the challenge for obtaining the best d 13 C records of alternating C 4 and C 3 vegetation involves finding the optimum combination of pedogenic carbonate formation and sedimentation-not too much pedogenic carbonate because of overprinting, but not too much sedimentation because pedogenic carbonate will not have had time to form.
RHIZOSPHERE SCALE
The carbon-isotope issue at the rhizosphere scale pertains to scaling up (or down) the process responsible for a 14-17ø difference between organic carbon and carbonate carbon. Pedogenic carbonate formation is widespread on the roots of many shrubs in the Chihuahuan Desert (Fig. 7) . Hence, the question arose as to whether there is a 14-17ø enrichment between root carbonate and organic matter comprising the roots. At the soil-profile scale the 14-17ø enrichment value is supported by numerous studies that compared bulk soil organic matter with concomitant pedogenic carbonate (e.g., Cerling et al. 1989 , Quade et al. 1989b , Cole and Monger, 1994 . The process responsible for the 14-17ø enrichment at the soil profile scale has been described by the ''production/diffusion'' model (Cerling 1984 , Quade et al. 1989b , Amundson et al. 1998 , which attributes the enrichment to the combined effects of diffusion (4-5ø) and fractionation between CO 2 and calcite (10-12ø, depending on temperature).
Based on a survey of eight common species in the northern Chihuahuan Desert, carbonate was found on the fine roots of three widespread shrub species: mesquite (Prosopis glandulosa), creosotebush (Larrea tridentata), and fourwing saltbush (Atriplex canescens) (Gallegos 1999) . Species in the survey without carbonates on roots were tarbush (Flourensia cernua), soaptree yucca (Yucca elata), prickly pear cactus (Opuntia phaeacantha), black grama grass (Bouteloua eriopoda), and tobosa grass (Hilaria mutica). We concluded that the carbonate had precipitated in situ on the fine roots and was not a detrital component of the soil based on three lines of evidence. First, carbonate crystals formed pseudomorphic replicas of root shapes, which argued against mechanical transport (Fig. 7b-d) . Second, highly magnified views of the carbonate crystals revealed that they had sharp edges, which again argued against mechanical transport (Fig. 7c, inset) . Third, in recently deposited eolian sands, carbonate occurred only on roots and not throughout the bulk soil (Fig. 7f ) .
The d 13 C difference between root and carbonate C was both greater and lower than the typically observed 14-17ø difference (Fig. 8) . Mesquite had a greater difference (average D ¼ 18ø). Creosotebush had a lower difference (average D ¼ 8ø), as did fourwing saltbush (average D ¼ 11ø).
That the isotopic difference between root and carbonate C was not 14-17ø may be the result of several possibilities. First, a number of fractionation pathways are involved, some of which are well characterized while others are less well characterized, and some may be contributing to a greater extent than others. The well-characterized fractionations include those associated with enrichment by outward diffusion at the land surface (4.4ø), dissolution in a soil solution (À1.1ø), hydration and dissociation to make HCO 3 À (9.0ø), dissociation to make CO 3 2À (À0.4ø), and precipitation as CaCO 3 (0.9ø) (Clark and Fritz 1997) . The less-well-characterized fractionations include those associated with various forms of organic matter in and (Rivera and Smith 1979, Hofmann and Bernasconi 1998) , as well as the breakdown of carboxylic acids, such as acetate (Meinschein et al. 1974, Blair and Carter 1992) , or heterogeneities in the isotopic signal from microbial respiration (Galimov 1985) . A third, and simpler, possibility concerns the source of (Gile 1999) . Radiocarbon dates of carbonate are shown at their approximate depths, to the right of each vertical illustration and are conventional ages (before present, BP), not calibrated to calendar years; sources are: a, Connin et al (1997b) ; b, Gile et al. (2007) Beta-212339; c, Monger et al. (1998) site 25; d, Deutz (1997) ; e, Monger et al. (1998) sites 8 and 10; f, Gile et al. (1981) pedon 59-16; and g, Gile et al. (1981) H. CURTIS MONGER ET AL. 1506 Ecology, Vol. 90, No. 6 CO 2 that resides immediately around the root. We know very little about the contribution from the root directly vs. how much comes from a larger bulk CO 2 reservoir in the soil. Fourth, the d 13 C difference may be the result of different substances having been analyzed. At the rhizosphere scale, minute amounts of root tissue and in situ carbonate were analyzed. At the soil-profile scale, bulk soil organic matter and bulk carbonate that may have formed over longer time intervals were analyzed. Although more work is needed to identify the mecha- . Fractionation of 12.4ø at 08C and 9.8ø at 258C are from Cerling et al. (1989) ; fractionation of 8.6ø at 358C is from Cerling et al. (1991a) .
June 2009 1507 SCALE AND ISOTOPIC RECORD OF C 4 PLANTS nism, the key point here regarding scale is that, like many natural systems, data measured at fine scales can only be scaled up if processes and patterns remain the same (Turner et al. 2001) .
RESULTS AND CONCLUSIONS
The stratigraphic record of paleoecology portrays short periods of deposition separated by long periods of quiescence (Ager 1993) . One of the important tools for investigating terrestrial ecology during long periods of quiescence is carbon isotopes in pedogenic carbonate. However, we found this method to be scale dependent and that (1) examination at the biome scale is useful for ascertaining which of the three C 3 -C 4 boundaries are recorded by the isotopic record, (2) examination at the landscape scale is useful for understanding how local C 3 -C 4 patterns can lead to erroneous regional extrapolations, (3) examination at the soil-profile scale is useful for revealing the magnitude of temporal overprinting, and (4) examination at the rhizosphere scale is useful for elucidating whether isotopic processes operating at micro-scales differ from isotopic processes operating at macro-scales. The systematic application of the multiscale approach increases the accuracy of paleoecologic and paleoclimatic interpretations by revealing how optimum isotopic records require the right combination of biome migration, landscape aggradation, and pedogenic carbonate formation. It also sheds light on the general importance of scale for understanding links and feedbacks among ecologic, geologic, and climatic processes. 
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